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Abstract

In order to clarify the epidemiological potential of entomopathogenic fungi for insect pest control, the role of the temperature as
one environmental constraint was investigated on the pattern of co-infection of Galleria mellonella by two distinct lineages of a
hyphomycete, Paecilomyces fumosoroseus. The distribution of conidial populations collected on cadavers of hosts co-infected under
20 regimes, ranging from 13 to 35 �C, was examined. The apparent temperature tolerance of both fungal isolates was related to their
in vitro colony growth and their in vivo sporulation ability. The conidial populations were characterized by molecular markers
based on restriction fragment length polymorphisms of the internal transcribed spacers (ITS-RFLP) and random amplified poly-
morphic DNA (RAPD) contrasting profiles in combination with the conidial size. This study allowed a different temperature profile
was identified for each isolate. Under most temperature regimes, only one lineage prevailed upon the infected insect; whereas both
lineages coexisted at 20–25 and 25–25 �C. When one haplotype dominated, the displacement of the other one depended on its tem-
perature tolerance. These results suggest that more consideration should be given to population-genetics analyses for evaluating the
adaptability of microbial control agents to targeted environments.
� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The entomopathogenic hyphomycete, Paecilomyces

fumosoroseus, has recently become commercially avail-
able as a mycoinsecticide primarily against the green-
house whitefly, Trialeurodes vaporariorum (Homoptera:
Aleyrodidae) (Bolckmans et al., 1995; Osborne and
Landa, 1992). More recently, it has also been recognized
as a promising candidate for biocontrol of the silverleaf
whitefly, Bemisia tabaci argentifolii, which is a world-
wide major insect pest in field and greenhouse crops (La-
cey et al., 1996). Critical to commercial viability of a
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mycoinsecticide on the plant protection market is the
choice of a high quality product that causes high mortal-
ity in the targeted pest populations under the environ-
mental conditions prevailing in the regions where it is
used (Milner et al., 2003). Pathogenic activity has long
been viewed as the predominant feature for selecting
fungal strains for biological control projects, and it is
assumed that certain fungal genotypes evolve with an in-
sect host (Couteaudier et al., 1998). More consideration
is now being given to environmental preferences of the
pathogens. Bidochka et al. showed that genetic groups
of Metarhizium anisopliae (Bidochka, 2001) and of
Beauveria bassiana (Bidochka et al., 2002) were associ-
ated with habitat and temperature preferences and not
with insect hosts. These findings provide evidence that
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the adaptation of an entomopathogen to an environ-
ment has strong implications upon its efficiency as a bio-
control agent. Recently, the role of climatic pressures in
fungal epizootics has not only been recognized as crucial
for selecting environmentally well-adapted pathogens,
but also for evaluating the risks of competition between
released and native fungal populations (Fargues et al.,
2002; Milner et al., 2003).

Paecilomyces fumosoroseus is distributed world-wide
in a large range of climates from tropical, subtropical to
temperate, all differing significantly in their temperature,
and humidity conditions (Lacey et al., 1996). Although
both climatic conditions are critical to the selection of
the most adapted strains under particular target environ-
ments, temperature tolerance is the trait which has been
the most considered (Fargues et al., 1992; Roberts and
Campbell, 1977). Vidal et al. (1997a) have addressed the
variability of temperature tolerance among P. fumosoro-

seus isolates of various insect host origins collected by La-
cey et al. (1996) in different areas in North America and
Eurasia. In that study, Vidal et al. (1997a) found a close
relationship between the temperature tolerance of the iso-
lates and the environment from which they originated
from. Recently, the genetic relatedness of these P. fumos-

oroseus isolates was assessed, based on both RFLP-ITS
analysis and ITS sequencing data. This genetic analysis
showed a clustering of the isolates into three distinct lin-
eages, one being strictly associated with the host Bemisia

spp. (Fargues et al., 2002).
In the present study, two isolates, belonging to different

lineages identified from the previous analysis reported by
Fargues et al. (2002) and differing in both their conidial
size (Fargues, unpublished) and temperature tolerance
(Vidal et al., 1997a) are compared. The aim of this study
was to further evaluate the role of temperature as one
environmental constraint on the infection dynamics of
entomopathogenic fungi. The pattern of co-infection of
Galleria mellonella by these two distinct lineages of the
hyphomycete P. fumosoroseus is examined under various
cycling temperature regimes, ranging from 13 to 35 �C.
The temperature tolerance of the isolates is estimated
both by their vegetative growth and their in vivo sporula-
tion ability. Populations were characterized by their
conidial sizes and by molecular markers, viz. restriction
fragment length polymorphisms of the internal tran-
scribed spacers (ITS-RFLP) and random amplified poly-
morphic DNA (RAPD) profiles.
2. Materials and methods

2.1. Fungal isolates and mycological techniques

2.1.1. Fungal isolates
Two P. fumosoroseus strains were selected from both

I.N.R.A. and A.R.S.E.F. collections of entomopatho-
genic fungal cultures (Institut National de la Recherche
Agronomique Fungal Collection, La Minière, France
and Agricultural Research Service Entomopathogenic
Fungal Cultures, USDA, Ithaca, NY, respectively).
The strain Pfr11 (=INRA 35) was isolated from a larval
cadaver of Mamestra brassicae (Lepidoptera: Noctui-
dae) collected in France in a temperate area (Ile-de-
France) (Fargues et al., 2002), whereas the strain
Pfr46 (=ARSEF 4501) was collected from Bemisia tab-

aci (Homoptera: Aleyrodidae) in Pakistan in a dry trop-
ical area (Multan) (Lacey et al., 1996).

2.1.2. Conidial size studies

The length of the conidia was measured by using a
micrometer under a light microscope at 900· magnifica-
tion. Per each single-spore colony, the length of thirty
conidia was measured.

2.1.3. Radial growth studies

Surface radial growth (Horsfall, 1956) was deter-
mined according to the method described by Fargues
et al. (1992) and Vidal et al. (1997a). Three Petri dishes
were incubated for 12 days in the dark, under saturated
humidity for each of the 20 tested temperature condi-
tions. Temperature regimes consisted of six constant
conditions, 13, 20, 25, 28, 32, and 35 �C and fifteen
12:12 h cycles, ranging from 13–20 to 32–35 �C (13–20,
13–25, 13–28, 13–32, 13–35, 20–25, 20–28, 20–32, 20–
35, 25–28, 25–32, 25–35, 28–32, 28–35, and 32–35 �C)
according to previous results (Vidal et al., 1997a). Sur-
face radial growth was recorded daily by using two car-
dinal diameters, through two orthogonal axes previously
drawn on the bottom of each dish. Original data con-
sisted of means of these two daily measurements.
Growth assays were carried out twice.

2.2. Molecular characterization

2.2.1. DNA extraction

Genomic DNA was isolated from mycelial mat of 2-
day old monoconidial cultures as previously described
by Fargues et al. (2002).

2.2.2. PCR-RFLP and sequencing of the ITS region

A rDNA fragment including ITS1 and ITS2 and the
5.8S rDNA gene was amplified by PCR using the comple-
mentary primers ITS1F and ITS4A (Larena et al., 1999).
Amplifications were run in aMJ Research PTC-100 ther-
mocycler according to the conditions described in Far-
gues et al. (2002). The fragment corresponding to the
rDNA-ITS region was digested separately by AluI
(10 U ll�1),HaeIII (10 U ll�1),Hin6I (10 U ll�1),HpaII
(8 U ll�1), NdeII (10 U ll�1), and SmaI (10 U ll�1) as
previously reported for several P. fumosoroseus isolates
(Fargues et al., 2002). Both strands of each PCR product
were sequenced by Genome Express (Grenoble, France)
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in an Applied Biosystems 3753 DNA sequencer. The se-
quences of the isolates examined in this studywere aligned
using ClustalX program, version 1.81 (Thompson et al.,
1997).

2.2.3. RAPD-PCR analysis
Random amplification of polymorphic DNA was per-

formed in aHybaid thermocycler (Hybaid, PCRExpress,
USA). Conditions were 5 min at 95 �C, 30 cycles of 1 min
at 92 �C, 1 min at 36 �C, 1:30 min at 72 �C, with a final
additional cycle of 15 min at 72 �C. Reactions were car-
ried out in a total volume of 12.5 ll containing Qiagen
PCR buffer with 1.5 mM MgCl2, 400 lM of each dNTP,
10 pmol of each primer, 1.25 U Taq DNA polymerase
(Qiagen, France), and 10 ng DNA template. Primers
and sequences for RAPD were: OPA-07 (5 0-GAAACG
GGTG), OPA-09 (5 0-GGGTAACGCC), OPA-13 (5 0-C
AGCACCCAC), OPA-14 (5 0-TCTGTGCTGG) (Oper-
on, USA). These primers were chosen because they gener-
ated the most polymorphic patterns for the two isolates
tested (Fargues et al., 2002). Products were separated on
a 1.4% agarose gel in 0.5· TAE (20 mM Tris–acetate,
0.5 mM EDTA, and pH 8.0) and visualized by staining
with ethidium bromide and photographed over a
transilluminator.

2.3. Insect culture

Larvae of G. mellonella (Lepidoptera: Pyralidae) were
obtained from a strain maintained at the INRA Com-
parative Pathology Research Laboratory, St Christol
(France). They were reared at 28 �C and fed with a mix-
ture of wax and pollen. Cohorts of sixth-instar larvae of
weights ranging from 140 to 180 mg were randomly se-
lected from the stock of wax moth larvae.

2.4. Experimental procedures

2.4.1. Assays of co-infection under twenty temperature

regimes

2.4.1.1. Rationale of the experimental procedures. Galle-

ria mellonella larvae were selected for co-inoculation
bioassays for two reasons. First, G. mellonella larvae
do not depend on the type of substrates used unlike
plant-feeding Bemisia larvae, which adhere to the un-
der-leaf surfaces. Second, their size is suitable for the
inoculation of calibrated conidial suspensions by injec-
tion. This mode of inoculation was preferably used for
eliminating the first host barrier to fungal infection pro-
cess, in order to avoid the prevalence of one strain
(Wang et al., 2002). In spite of their susceptibility to-
wards entomopathogenic hyphomycetes (Zimmermann,
1986), G. mellonella larvae were significantly less suscep-
tible to Pfr11 than to Pfr46, when inoculated topically
(Fargues, unpublished data). Hence, the effect of the
host specificity which was not the issue of this study, is
minimized by this mode of inoculation. Infection re-
quired a relatively high conidia doses (104 per larva) to
kill larvae, due to a residual role of the host pressure
as previously demonstrated with other insect–pathogen
combinations (Fargues, 1976; Ignoffo et al., 1982; Vey
et al., 1982). There is some circumstantial evidence that
the temperature has a strong effect on the fungal sporu-
lation intensity on cadavers of various insect species
(Fargues and Luz, 1998; Luz and Fargues, 1998). Preli-
minary assays have shown an irreversible effect of the
temperature on the fungal development during the infec-
tion phase in the living Galleria larvae under conditions
allowing the sporulation of the two isolates, i.e., over a
range of 15–28 �C (Fargues, unpublished data). Hence,
the exposure to the different temperature regimes was
not extended to the non parasitic phase of the fungus in-
side the cadavers. Because of putative interactions with
saprophytic fungi under temperature conditions unfa-
vorable to one of the two isolates (13 �C for Pfr46 and
35 �C for Pfr11), host-produced inocula were re-isolated
for providing single-spore colonies. The first series of as-
says were then carried out on the in vitro produced con-
idia. This protocol was developed based on results
obtained from preliminary assays that showed no signif-
icant differences in the conidial distribution of the two
lineages between direct observation of host-produced
conidia and secondary conidia collected from a single-
spore colony. The re-isolation did not result in any
directed genetic change as confirmed by the results ob-
tained from both the RFLP-ITS and RAPD analyses.

2.4.1.2. Experimental design. In the first series of co-infec-
tion assays, four batches of 10 larvae were tested for each
temperature-inoculum combination. All experiments
were repeated twice. Assays consisted of exposing co-in-
oculatedG.mellonella larvae, and reference batches of lar-
vae inoculated with only one P. fumosoroseus isolate or
with sterile water, to different temperature regimes. These
regimes consisted of six constant conditions, ranging
from 13 to 35 �C, and fifteen 12:12 h cycles, ranging from
13–20 to 32–35 �C, as listed above for growth assays.

2.4.1.3. Bioassay procedure. Conidia of P. fumosoroseus

were obtained from 2-week-old sporulating cultures
grown at 25 + 1 �C on agar slants of semi-synthetic
medium (KH2PO4, 0.36 g; Na2HPO4 Æ 12H2O, 1.42 g;
MgSO4 Æ 7H2O, 0.6 g; KCl, 1.0 g, NH4NO3, 0.7 g; glu-
cose, 10 g; yeast extract, 5.0 g chloramphenicol, 0.5 g
agar, 18 g; and 1000 ml H2O). Conidia were collected di-
rectly from the surface of these cultures by scraping.
Inocula were suspended in 10 ml sterile distilled water
by shaking (700 oscillations/min) in 45-ml flasks con-
taining 5–6 dozen glass beads (3 mm in diameter) for
5 min. Conidial suspensions for bioassays were then ad-
justed to 2 · 105 conidia/ml based on hemocytometer
counts.
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Bioassays were carried out by using for each tested
temperature condition four treatments of four replica-
tions each of 10 sixth-instar larvae of G. mellonella lar-
vae. The first treatment consisted of larvae injected
with sterile distilled water as controls, whereas the three
other treatments consisted of larvae injected with sus-
pension of conidia of Pfr11 or of Pfr46, individually,
or with a mixture (0.5:0.5) of both inocula. Inoculation
consisted in injecting 20-ll aqueous suspensions of con-
idia (104 conidia/larva) of each of the two isolates (104

conidia of Pfr11 or of Pfr46) or of a mixture of both
inocula (5 · 103 conidia of Pfr11 and 5 · 103 of Pfr46)
through the second proleg into the hemocoel of each
hand-held immobilized larva. Treated larvae of each co-
hort were then individually placed in compartmentalized
plastic boxes (130 · 90 · 25 mm with twelve compart-
ments of 32 · 39 · 24 mm), previously garnished with
individual wax pieces of ca. 400 mg. Cohorts were held
in temperature-regulated incubators and larval mortal-
ity was recorded daily for 12 days. All fungus-inoculated
insects died over a 10-day period.

2.4.1.4. Incubation of fungus-killed insects. After death,
fungus-killed insects were externally disinfected by bath-
ing in 70% ethanol solution for 15 s, and then dried on
filter paper. At day 10, cadavers were then placed in
plastic boxes (27 · 36 · 18 cm) and transferred to con-
trolled-temperature chambers for sporulation in the
dark at 15 ± 1 �C. After ca. 7 days of incubation, two
sporulated cadavers were randomly sampled from each
lot of 10 fungus-killed larvae. Conidia were harvested
from each cadaver by shaking (700 oscillations/min)
for 1 min in 10-ml sterile distilled water in 45-ml flasks,
without glass beads to avoid bursting of the cadavers.
After filtering through a 90-lm screen, 0.5 ml aliquots
were plated on nutrient agar using a spiral plating
method (Gilchrist et al., 1973) and incubated at 25 �C.
After 4-day incubation, 10 single-spore colonies were
isolated for seeding 10 single-spore cultures. Each of
these 10 single-spore cultures was screened for conidial
size by observation with a micrometer under 900·
magnification.

Size-based information on conidial population struc-
ture on cadavers of co-infected larvae exposed, respec-
tively at 20–25 and 25–25 �C, was verified by using
PCR-RFLP of rDNA-ITS of two randomized single-
spore cultures of both conidial size types per sampled
host cadaver per temperature condition. Comparative
analysis of the nucleotide sequences of the rDNA-ITS
was established for a couple of both short- and long-
conidia single spore culture from two randomly selected
cadaver of co-infected larvae exposed at 25–25 �C.
RAPD analysis was also done on the single-spore cul-
tures selected for rDNA-ITS sequencing and on one sin-
gle spore culture of each reference isolates not passed
through G. mellonella.
2.4.2. Assays of co-infection under favorable temperature

regimes

In the second series of co-infection assays, experi-
ments were replicated four times, and one batch of
30 larvae was used in each temperature-inoculum
combination for each replication. These co-infection
assays were carried out for analyzing the distribution
of the two types in conidial populations collected on
cadavers of larvae co-infected at four temperature re-
gimes, 20–20, 20–25, 25–25, and 25–28 �C, respec-
tively. The protocol was similar to that of the first
series except the number of larvae per batch, which
was increased to 30 because of statistical requirements
for frequency analysis. Moreover, host-produced coni-
dia were directly examined by measuring the length of
100 conidia in suspensions provided by each of the 30
cadavers.

2.5. Statistical analysis

Radial growth data were subjected to regression anal-
ysis (SPSS, 1997). Because radial measurements (from
the 3rd to the 12th days) fit a linear model
(y = vt + b), growth rates (velocity in mm day�1) were
used as the main parameter to evaluate the influence
of temperature regime on fungal growth (Fargues
et al., 1992; Vidal et al., 1997a). The growth rate per iso-
late and per temperature regime was then expressed as
the mean growth rate of five cultures selected for the reg-
ularity of the contour of the fungal colony among the six
transplanted Petri dishes. ANOVAs were done on these
absolute growth rates (in mm day�1) for each fungal
isolate under various temperature regimes and then,
means were compared in using the Student–Newman–
Keuls (SNK) multiple range test. Because of intrinsic
differences in growth capacity on nutrient agar between
the two tested fungal isolates, relative growth rates (in
%) calculated from the maximum growth rate for each
isolate, were also used to compare isolates.

Coinfection. In the first series of co-infection assays,
the length of conidia was analyzed using the Sigmastat
software 5 SPSS, 1997 from averages of 30 conidia per
sample. Each set of averaged data consisted in 10 aver-
aged conidial lengths of the 10 single-spore cultures
from two randomly selected cadavers per experimental
condition, per replicate, i.e., 40 sets of averaged spore-
length data.

In the second series, the length of 100 conidia per ca-
daver was examined for estimating the proportion of
each conidial-size-based haplotypes. The v2 analysis of
contingency tables was used for comparing the number
of cadavers belonging to four categories related to the
distribution of the short-conidia haplotype (ITS-H11)
in their conidial population (0–30, 31–60, 61–90, and
>91%) issued from larvae co-infected with both Pfr11

and Pfr46 isolates.
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3. Results

3.1. Phenotypic traits of both Pfr11 and Pfr46 isolates

3.1.1. Conidial size

The length of the aerial conidia of Pfr11 was
3.65 ± 0.01 lm and that of Pfr46 5.23 ± 0.08 lm, when
these fungal isolates were grown at 25 �C on semi-syn-
thetic nutrient agar. Aerial conidia differed significantly
in length (F1, 78 = 6,619.81, P < 0.001) and their size dis-
tributions showed less than 5% of concurrence (Fig. 1).
Fig. 1. Distribution of the conidial size of the reference isolates of
P. fumoroseus, Pfr11 (white bars) and Pfr46 (black bars). Error bars
represent the standard deviation (P = 0.05).

Table 1
Effect of daily temperature regimes (T1–T2) and constant reference temperatu
Pfr11 and Pfr46, belonging to two distinct rDNA-ITS haplotypes

Isolate Radial growth rates (mm day�1)*

T1 (12 h) (�C) T2 (12 h)

13 �C 20 �C 25

Pfr11 13 1.65 ± 0.07 n
(40%)

2.39 ± 0.03 j
(58.2%)

3.0
(74

Pfr46 13 0.92 ± 0.01 q
(23.5%)

1.69 ± 0.04 m
(43.2%)

2.5
(64

Pfr11 20 3.79 ± 0.02 c
(92.2%)

4.1
(10

Pfr46 20 2.82 ± 0.10 h
(72.1%)

3.1
(79

Pfr11 25 3.7
(91

Pfr46 25 3.8
(98

Pfr11 28

Pfr46 28

Pfr11 32

Pfr46 32

* Linear mycelial growth rates (velocity in mm per day from y = vt + b)
(±SD). One–way ANOVA for temperature effect: F = 1882.67; df = 33, 136;
(P < 0.05) according to the SNK multiple range test. Relative growth rates
3.1.2. Thermal tolerance

The radial growth of both P. fumosoroseus isolates
fits the linear model from the 3rd to the 12th day after
inoculation of the plates under fluctuating temperature
regimes, as well as under constant conditions. The coef-
ficients of correlation (r2) were higher than 0.920 under
most temperature regimes for both fungal isolates, ex-
cepted for Pfr11 at 13–32 �C (r2: 0.623–0.795), 13–
35 �C (r2: 0.485–0.638), 28–35 �C (r2: 0.679–0.756),
and 32–32 �C (r2: 0.688–0.911). Mycelial growth
rates of Pfr11 varied from 0 at 32–35 �C to
4.11 ± 0.09 mmday�1 at 20–25 �C, and those of Pfr46

from 0.05 ± 0.02 at 32–35 �C to 3.91 ± 0.02 mm day�1

at 25–28 �C (Table 1). At lower and intermediate tem-
peratures ranging from 13–13 to 20–25 �C, the relative
growth rates of Pfr11 (40–100%) were higher than
those of Pfr46 (23.5–79.3%). In contrast, at higher tem-
peratures (from 25–25 to 32–35 �C) and under temper-
ature regimes combining a low temperature period
(13 �C) with a high temperature period (from 28 to
35 �C), both absolute and relative growth rates of
Pfr46 were significantly higher than those of Pfr11, ex-
cept at 13–28 �C (Table 1). Temperature regimes
including a high temperature of 35 �C dramatically de-
creased the growth rate of the European isolate, Pfr11
(maximum at 25–35 �C: v = 0.70 ± 0.04 mm day�1, i.e.,
17%, instead of v = 1.48 ± 0.10 mm day�1, i.e., 37.9%,
for Pfr46).
res on radial growth rates (mm day�1) of two P. fumosoroseus isolates,

�C 28 �C 32 �C 35 �C

7 ± 0.05 g
.7%)

2.43 ± 0.02 ij
(59.1%)

0.70 ± 0.06 r
(17.0%)

0.03 ± 0.02 v
(0.7%)

2 ± 0.02 i
.5%)

2.37 ± 0.04 j
(60.6%)

1.63 ± 0.03 n
(41.7%)

0.34 ± 0.12 t
(8.7%)

1 ± 0.09 a
0%)

3.30 ± 0.05 e
(80.3%)

1.12 ± 0.02 p
(17.3%)

0.40 ± 0.04 t
(9.7%)

0 ± 0.09 g
.3%)

3.52 ± 0.08 d
(90.3%)

2.51 ± 0.02 i
(64.2%)

0.56 ± 0.04 s
(14.3%)

4 ± 0.06 c
.0%)

3.14 ± 0.08 f
(76.4%)

0.62 ± 0.02 rs
(15.1%)

0.70 ± 0.04 r
(17.0%)

4 ± 0.02 b
.2%)

3.91 ± 0.02 b
(100%)

2.83 ± 0.10 h
(72.4%)

1.48 ± 0.10 o
(37.9%)

2.02 ± 0.04 l
(49.1%)

0.36 ± 0.05 t
(8.8%)

0.02 ± 0.01 v
(0.5%)

3.90 ± 0.02 b
(99.7%)

2.21 ± 0.06 k
(56.5%)

0.64 ± 0.03 rs
(16.4%)

0.18 ± 0.15 u
(4.4%)

0
(0%)

1.47 ± 0.04 o
(37.6%)

0.05 ± 0.02 v
(1.3%)

established from each replicate. Rate data are means of five replicates
P < 0.001. Means followed by different letters are significantly different
are mentioned in brackets.
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3.2. Effects of temperature on distribution of fungal

populations on host cadavers

3.2.1. Host mortality response to infection

With the inoculum dose used, all injected larvae died
and the lethal time of the larvae in response to infection
by the two tested isolates did not differ at medium tem-
perature regimes. In both cases, the first deaths occurred
on day 3 under favorable temperature conditions as
compared to 8–9 days under less favorable tempera-
tures. In spite of these differences of incubation time,
all larvae in each group died in less than 48 h. Under
unfavorable temperature regimes, including a 35 �C
phase, 100% mortality was observed in larvae injected
with Pfr46 and with the mixture of both fungal inocula,
except at 13–35 and 35–35 �C. Moreover, fungal sporu-
Fig. 2. Effect of temperature regimes on the distribution of the size of conid
Pfr11 or Pfr46, or co-infected with both fungal isolates. Length of conidia w
conidia (white bars) and long-type conidia (black bars).
lation occurred in cadavers of infected larvae exposed to
20–35 �C, but there was no sporulation on cadavers is-
sued from larvae exposed to 25–35, 28–35, and 32–
35 �C. In contrast, under temperature regimes including
a 35 �C phase, larvae injected with Pfr11 and control
larvae survived.

3.2.2. Phenotypic analysis of conidial populations

The size of Pfr11 conidia produced on G. mellonella

cadavers varied from 3.41 to 3.81 lm and that of
Pfr46 from 4.45 to 5.23 lm. Under temperature regimes
below 13–28 �C and above 28–32 �C, both isolates
exhibited shorter conidia than under favorable tempera-
ture conditions (25–25 and 25–28 �C), but the difference
in the conidial size between the two isolates was
always significant (Fig. 2). The isolate Pfr11 was able
ia collected on cadavers from G. mellonella larvae infected with either
ith standard deviation (P = 0.05). Relative distribution of short-type
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to sporulate on cadavers of individuals exposed to tem-
perature regimes ranging from 13 to 28 �C, but it failed
under regimes including 32 �C. In contrast, Pfr46 spor-
ulated under all regimes combining temperatures rang-
ing from 13 to 32 �C, and even at 20–35 �C.

The size of conidia harvested from cadavers of co-in-
oculated larvae was highly variable depending on the
temperature regime (Fig. 2). At lower temperatures
(13–13 to 25 �C, and 20–20 �C), cadavers exhibited
short-type conidia, which did not significantly differ
from that of Pfr11, whereas at higher temperatures
(28–20 to 28 �C, 32–13 to 32 �C, and 35–20 �C), cadav-
ers provided long-type conidia similar to that of Pfr46.
When exposed to 20–25 and 25–25 �C regimes, the
length data means of conidia harvested from co-inocu-
lated cadavers were 4.01 ± 0.52 and 4.50 ± 0.83 lm,
respectively. They differed significantly from that of
both Pfr11 and Pfr46 isolates (Fig. 2). The distribution
of the size of the conidia harvested from four cadavers
for each of these two temperature regimes showed that
the apparently intermediate size resulted in the co-exis-
tence of conidia of both short- and long- types (Fig. 3).

The comparison of the number of co-inoculated
cadavers belonging to four categories relating to the
proportion of the short-type conidia lineage (H11) in
their conidial population (0–30, 31–60, 61–90, and
>91%) showed that temperature acts as a strong selec-
tion pressure (v2 = 680.008; df = 9; P < 0.001) (Table
2). Each cell in the Table 2 listed the cumulative number
Fig. 3. Effect of temperature regimes (20–25 and 25-25 �C) on the distributio
mellonella larvae co-infected with Pfr11 and Pfr46. Distribution of conidial siz
colonies per cadaver. Error bars represent the standard deviation (P = 0.05)
of individuals, recorded in four replicates of 30 larvae,
for that combination of category and group.

At 20–20 �C, all cadavers issued from co-infected lar-
vae presented more than 91% of short-type conidia. In
contrast, at 25–28 �C, there were less than 30% because
of the abundance of long-type conidia. Analysis of
conidial populations harvested from cadavers issued
from co-infected larvae exposed to 20–25 and 25-25 �C
(v2 = 48.263; df = 3; P < 0.001) revealed that tempera-
ture controlled the proportion of each haplotype popu-
lation, when adjusted for the temperature requirements
of the co-infecting fungal isolates. The proportion of
cadavers with more than 91% of short-type conidia
dropped from 64% at 20–25 �C to 29% at 25–25 �C.

3.2.3. Genetic analysis of conidial populations

ITS-restriction patterns generated by six restriction
endonucleases, AluI, HaeIII, Hin6I, HpaII, NdeII, and
SmaI, and of single-spore cultures (two short-conidia
and two long-conidia isolates) started from conidia pro-
duced on cadavers of co-inoculated larvae exposed to
20–25 and 25–25 �C regimes showed no difference with
restriction patterns obtained from the reference isolates
(Pfr11 and Pfr46, respectively) used to co-infect the lar-
vae (Fig. 4). Further analysis of 20 single-spore isolates
of both size-type conidia collected on co-inoculated in-
sects confirmed this result (data not shown).

Comparison of rDNA-ITS sequences of the two ori-
ginal isolates (GenBank Accession Nos. AF461746 for
n of the size of conidia collected on four larval cadavers (C1–C4) of G.
es (smaller as white bars, and larger as black bars) from 10 single spore
.



Table 2
Influence of the temperature regimes on the distribution of two lineages, ITS-H11 (conidial length = 3.66 ± 0.14 lm) and ITS-H46 (conidial
length = 5.04 ± 0.24 lm) of P. fumosoroseus co-infecting G. mellonella larvae: distribution, in four classes, of cadaversa relative to the frequency of
the haplotype ITS-H11 (short-type conidia) in the conidial populationb harvested from each cadaver

Temperature regimes (�C) Proportion of the ITS-H11 haplotype per cadaver

0–30 (%) 31–60 (%) 61–90 (%) >91 (%)

Proportion of cadavers relative to the distribution of the haplotype ITS-H11c,d,e

20–20 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 100 ± 0 (120)
20–25 0 ± 0 (0) 2.5 ± 2.5 (3) 33.3 ± 19.7 (40) 64.2 ± 21.6 (77)
25–25 1.7 ± 1.7 (2) 23.4 ± 17.8 (28) 50.7 ± 16.7 (61) 24.2 ± 14.2 (29)
25–28 100 ± 0 (120) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0)

a Analysis of the conidial populations of four replicates of 30 cadavers per temperature regime.
b Conidial population unit = samples of 100 conidia per cadavrer.
c Averaged data (x ± SEM) expressed in percentages of cadavers in four replicates of 30 larvae per temperature regime are related to relative

frequencies of the ITS-H11 haplotype based on screening of samples of 100 conidia per cadaver.
d In brackets, cumulative number of cadavers of four replicates per class of distribution of the ITS-H11 haplotype in conidial populations.
e Comparison of the cumulative number of cadavers per class of haplotype distribution in conidial populations under four temperature regimes:

v2 = 680.008; df = 9; P < 0.001. Comparison of data from assays at 20–25 and 25–25 �C, v2 = 48.263; df = 3; P < 0.001.

Fig. 4. Patterns within the P. fumoroseus ITS-rDNA region after
digestion with Hin6I and SmaI, restriction endonucleases: comparison
of the reference isolates, Pfr11 and Pfr46, and four single spore
isolates, X1, X2, Y1, and Y2 (X, small-size conidia; Y, large-size
conidia) collected on two cadavers (1 and 2) of co-infected G.

mellonella larvae. The Sigma PCR Low Ladder Market Set
(20 + 100 bp Ladder) was used as molecular weight marker (M).
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Pfr11, and AF461744 for Pfr46) with the two short-con-
idia isolates (X1 and X2), and the two long-conidia iso-
lates (Y1 and Y2) confirmed the similarity of the isolates
within each of these two conidial size-based groups with
conidia issued from bioassays carried out at 25–25 �C
(Fig. 5) and at 20–25 �C.

RAPD fragments patterns from those reference
isolates not passed through G. mellonella, and from
the single spore colonies originated from cadavers of sin-
gle-infected larvae (Pfr11 and Pfr46) and co-infected
larvae (X1 for short-type conidia, and Y1 for long-type
conidia) at 25–25 �C (Fig. 6) and at 20–25 �C were gen-
erated with four primers, OPA-07, OPA-09, OPA-13,
and OPA-14. Fig. 6 shows that RAPD profiles of
short-type conidia isolates, reference Pfr11, host-passed
Pfr11, and X1, were distinct from those of long-type
conidia isolates, reference Pfr46, host-passed Pfr46,
and Y1, and hence they are diagnostic for each group.
In contrast, there were no differences in the RAPD pat-
terns for any of the primers tested between isolates of
the same morphological group.
4. Discussion

The entomopathogenic hyphomycetes are known to
be mesophilic since most of the isolates tested so far
grow over a range of 8 to 30–32 �C, with thermal optima
ranging from 20 to 30 �C, and limits at <5 and >35 �C
(Ferron et al., 1991; Fargues et al., 1992; Masuda and
Kikuchi, 1992; Mietkiewski et al., 1994; Vidal et al.,
1997a). In the present study, we have shown that ther-
mal tolerance of the two isolates Pfr11 and Pfr46 were
related to their history, including the geo-climatic origin.
In the Pfr11-originated area in France, maximum aver-
age temperatures were ca. 25 �C in July, whereas tem-
perature reached to 27–42 �C in the Pakistani area,
where Pfr46 originated (L. Lacey, personal communica-
tion). In contrast, in winter, median temperatures
dropped to 0–5 �C and to 5–20 �C in these areas, respec-
tively. Similar relationships between lower and upper
temperature thresholds of vegetative growth and geo-cli-
matic origins were also established for M. anisopliae var.
acridum (Ouedraogo et al., 1997) and to a lesser extent
for B. bassiana (Roberts and Campbell, 1977). In con-
trast, some studies reported no or weak correlation be-
tween the geoclimatic origin and the thermal tolerance
of isolates in M. anisopliae (McCammon and Rath,
1994) and in B. bassiana (Fargues et al., 1997). The
establishment of a strong relationship between the ther-
mal tolerance of entomopathogenic isolates and their
geoclimatic origin is hampered by the genetic complexity
of the hyphomycetous species (Bridge et al., 1998) and
the diversity of selection pressures, including the host
origin and the geoclimatic constraints (Ferron et al.,
1991). In spite of broad temperature ranges, these



Fig. 5. Comparative sequence analysis of the ITS1-5.8S-ITS2 rDNA sequences from the six isolates Pfr11 and Pfr46, X1, X2, Y1 and Y2. The
inferred positions of the 3 0 end of the 16S rDNA, the 5.8S rDNA and the 5 0 end of the 28S rDNA are in bold.
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entomopathogenic hyphomycetous isolates exhibited
differences in tolerance to extreme temperatures prevail-
ing in the targeted environments (Inglis et al., 2001).

This study revealed that the two isolates Pfr11 and
Pfr46, which belong to different rDNA-ITS haplotypes
(Fargues et al., 2002), also have different conidia dimen-
sions. Recently, Sugimoto et al. (2003) established a cor-
relation between conidial size and polymorphism length
of the intergenic spacer (IGS) regions of ribosomal
DNA (rDNA) in L. lecanii isolates. One distinct IGS
haplotype grouping of six isolates produced larger con-
idia than the other isolates.

The study allowed a temperature profile to be formed
for each isolate. In vitro growth of both isolates was ad-
versely affected at low and intermediate temperatures
ranging from 13 to 25 �C, where the isolate of temperate
origin grew faster than the isolate from Pakistan. Inver-
sely, at temperature regimes including high temperature
at 35 �C, temperate isolate did not grow, while the iso-
late from Pakistan was the most active.

Under most temperature regimes, only one lineage
was prevailing on the infected insect, whereas both lin-
eages coexisted at 20–25 and 25-25 �C. Results of the
second series of assays showed that, under these moder-
ate temperature conditions, the relative frequencies of
both lineage in in vivo produced conidia populations de-
pended on the temperature preferences of each fungal
isolate. Phenotypic analysis (conidial size) supported
by molecular data (RFLP-ITS and RAPD) did not de-
tect any genetic exchange between the two lineages in
co-infected hosts under conditions given to be favorable
to parasexual exchanges between vegetatively compati-
ble fungal strains (Couteaudier and Viaud, 1997; Cou-
teaudier et al., 1998).



Fig. 6. RAPD-PCR patterns (generated by primers OPA7, OPA9, OPA 13, OPA14) of P. fumosoroseus reference strains host-passed (11 and 46) or
not (11 0 and 46 0), and single-spore isolates (X1 and Y1) from G. mellonnella co-infected with Pfr11 and Pfr46. Eurogentec Smart Ladder SF of 1 kb
(M1) and Smart Ladder of 10 kb (M2) were used as molecular-weight markers.
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Our results demonstrated clearly that temperature
acts as an important selective pressure upon the popula-
tion complex which constitutes this entomopathogenic
species. Such competition between incompatible VCGs
which occurs under laboratory conditions, might also
be observed under natural conditions. The use of formu-
lated hyphomycetous propagules in novel environments
tends to increase due to two main factors. First, the cos-
mopolitan nature of the major pest species contributes
to the use of exotic fungal isolates in various environ-
ments (Fargues, 2003). However, this geographical
extension favors competitive situations with local ento-
mopathogenic populations that may be more adapted
to the environmental constraints prevailing in the novel
environments targeted for biocontrol approach. Second,
the host ranges of the entomopathogenic isolates are not
restricted to their original insect host species (Ferron
et al., 1991; Vidal et al., 1997b), allowing enlargement
of the market of each mycoinsecticide based on single
fungal isolate formulation.

To date most of the fungal biocontrol agents have
been selected based on their ability of pathogens to in-
fect their target hosts, i.e., by means of virulence and
host specificity bioassays (Butt and Goettel, 2000; Goet-
tel and Inglis, 1997). However, co-infection studies have
shown that temperature leads to the selection of the
most environmentally adapted fungal genotypes. Bido-
chka (2001) and Bidochka et al. (2002) reported that in-
sect host specificity is not the only predominant factor
influencing the population genetics. Ecological fitness,
implicating both insect habitat and pathogen tempera-
ture preferences should be also considered for the devel-
opment of myco-insecticides (Bidochka, 2001; Bidochka
et al., 2002; Wang et al., 2002).
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